Electrochemically Top Gated Graphene: Monitoring Dopants by Raman Scattering 
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We demonstrate electrochemical top gating of graphene by using a solid polymer electrolyte. This 
allows to reach much higher electron and hole doping than standard back gating. In-situ Raman 
measurements monitor the doping. The G peak stiffens and sharpens for both electron and hole 
doping, while the 2D peak shows a different response to holes and electrons. Its position increases 
for hole doping, while it softens for high electron doping. The variation of G peak position is a 
signature of the non-adiabatic Kohn anomaly at V. On the other hand, for visible excitation, the 
variation of the 2D peak position is ruled by charge transfer. The intensity ratio of G and 2D peaks 
shows a strong dependence on doping, making it a sensitive parameter to monitor charges. 
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The recent discovery of thermodynamically stable two- 
dimensional single and few layers graphene 1 "! 2 -^ has led 
to many experimental and theoretical advances in two 
dimensional physics and devices^. In particular, near 
ballistic transport at room temperature and high car- 
rier mobilities (between 3000 and 25000 cm 2 /Vs} 2 -'^ make 
graphene a potential material for nanoelectronics&£>&. 

Electrochemical top gating is key to enable polymer 
transistor a 9 ^ 10 . It has also been successfully applied for 
nanotube o 11 ! 12 ! 13 ! 14 ' 15 . Here we demonstrate a top-gated 
graphene transistor able to span much higher doping lev- 
els than previously reported. Electron and hole dop- 
ing up to ~ 5xl0 13 cm~ 2 is achieved by solid polymer 
electrolyte gating. Such a high doping level is possible 
because the nanometer thick Debye laye r 12 i 13 i 16 gives a 
much higher gate capacitance compared to the commonly 
used 300 nm thick SiC>2 back gate 1 ^. A significant ad- 
vantage of a solid polymer electrolyte over electrolytes 
in solution is that it does not degrade the sample and 
the electrodes, while the gate leakage current is negligible 
compared to the drain current. Graphene's response to 
the polymer electrolyte also shows its potential for both 
electronic and molecular sensing. 

Doping is monitored by in-situ Raman spectroscopy 
together with transport measurements. Raman spec- 
troscopy is a powerful non-destructive technique to 
identify the number of layers, structure, doping and 
disorde r 18 i 19 i 20 i 21 . The prominent Raman features in 
graphene are the G-band at V (~1584 cm^ 1 ), and the 
2D band at ~ 2700 cm -1 involving phonons at K+Ak 
points in the Brillouin zon o 18 ' 21 . The value of Ak de- 
pends on the excitation laser energy, due to a double- 
resonance Raman process and the linear dispersion of 
the phonons around K 18 i 22 i 23 . The effect of doping in- 
duced by Si02 back gating on the G-band frequency 
and full width at half maximum (FWHM) has been re- 
ported recentl y 19 ' 20 . This results in G peak stiffening 
and linewidth decrease for both electron and hole doping. 
The decrease in linewidth saturates when doping causes a 
Fermi level shift bigger than half the phonon energ y 19 ! 20 . 



The strong electron-phonon coupling in graphene and 
metallic nanotubes gives rise to Kohn anomalies in the 
phonon dispersion a 23 ' 24 ' 25 , which result in phonon soft- 
ening. The G peak stiffening is due to the non-adiabatic 
removal of the Kohn-anomaly from T— . The FWHM(G) 
sharpening happens because of the blockage of the de- 
cay channel of phonons into electron-hole pairs due to 
the Pauli exclusion principle, when the electron-hole gap 
becomes higher than the phonon energ y 19 i 20 i 25 i 26 i 27 i 28 . A 
similar behavior is observed for the LO-G - peak of doped 
metallic nanotube o 11 ' 29 , for exactly the same reasons. 

In the previous Raman studies on doped graphen o 19 ' 20 , 
a ^300 nm Si02 gate was used. This limited the maxi- 
mum doping levels to less than lxl0 13 cm -2 . The max- 
imum G peak upshift was less than 10 cm -1 . Here, we 
focus on the simultaneous evolution of the G and 2D 
peaks. The G peak stiffens and sharpens for both elec- 
tron and hole doping. On the other hand, the 2D peak 
shows a different response to holes and electrons. Its po- 
sition markedly increases for hole doping, while it softens 
for high electron doping. The intensity ratio of 2D and 
G shows a strong dependence on doping, making it a 
sensitive parameter to monitor Fermi level shifts. 

Graphene samples are produced by micro-mechanical 
cleavage of bulk graphite and deposited on Si covered 
with 300 nm Si0 2 (IDB Technologies LTD)±1. Raman 
spectroscopy is used to select single layers^. Source and 
drain Au electrodes are then deposited by photolithog- 
raphy as shown in Fig[TJ Top gating is achieved by us- 
ing solid polymer electrolyte consisting of LiC104 and 
polyethelyne oxide (PEO) in the ratio 0.12:1, as pre- 
viously used for nanotubes^. The gate voltage is ap- 
plied by placing a platinum electrode in the polymer 
laye r 13 i 16 . Electrical measurements are done using Keith- 
ley 2400 source meters. Fig. Q] shows the schematic of the 
experimental setup for transport and Raman measure- 
ments. Raman spectra of pristine and back gated sam- 
ples are measured with a Renishaw spectrometer. In-situ 
measurements on top gated graphene are recorded using 
a WITEC confocal (X50 objective) spectrometer with 
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FIG. 1: (color online). Schematic diagram of the exper- 
imental setup. The black dotted box between the drain- 
source indicates the thin layer of polymer electrolyte (PEO 
+ LiClCU). The left inset shows the optical image of a sin- 
gle layer graphene connected between source and drain gold 
electrodes. Scale bar: 5/J.m. The right inset is a schematic 
illustration of polymer electrolyte top gating, with Li + and 
CIOJ ions and the Debye layers near each electrode. 



600 lines/mm grating, 514.5 nm excitation and very low 
power level (~ lmW) to avoid any heating effect. The 
spectral resolution of the two instruments is determined 
by fitting the Rayleigh line to a Gaussian profile and is 
1.9 cm -1 for the Renishaw spectrometer and 9.4 cm -1 for 
WITEC spectrometer. The Raman spectra are then fit- 
ted with Voigt functions. The FWHM of the Lorentzian 
components give the relevant information on the phonon 
lifetime. Note that a very thin layer of polymer elec- 
trolyte does not absorb the incident laser light. Further- 
more the Raman spectrum of the polymer does not cover 
the signatures of graphene, as will be discussed later. The 
measured source-drain currents (Isd) and G, 2D peaks 
are reversible at different gate voltages. In transport ex- 
periments a small hysteresis in current (~1 /iA) is ob- 
served during forward and backward gate voltage scans 
(at a intervals of 10 minutes for each gate voltage step). 
On the other hand, the Raman hysteresis < 1 cm -1 . 

We finally compare our experimental results with 
Density Functional Perturbation theory (DFPT) 
simulations^. Calculations are performed within the 



generalized gradient approximation (GGA)2i. We use 
plane-waves (30 Ry cut-off) and pseudopotential — 
approaches. The semi- metallic character of the system 
is treated by performing the electronic integration with 
a Fermi-Dirac first-order spreading with a smearing of 
0.01 Ry^ 3 -. Integration over the BZ is done with an 
uniform 72 x 72 x 1 k-points grid. Calculations are done 
using the Quantum Espresso code 3 ^. 

We first consider the electrical response. In order to 
compare our top gating results with back gating mea- 
surements, it is necessary to convert the top gate volt- 
age into an effective doping concentration. In general, 
the application of a gate voltage (Vg) creates an electro- 
static potential difference (j> between graphene and the 
gate electrode and a Fermi level, Ef, shift as a result of 
addition of charge carriers. Therefore, 

Ef 

Kg = — + (l) 

e 

4> and E^/e are determined by the geometrical capaci- 
tance, Cg, and the chemical (quantum) capacitance of 
graphene, respectively. 

Let us first consider back gating (BG). For a back gate, 
4> = (4^- where n is the carrier concentration and Cbg 
is the geometrical capacitance. For single layer graphene 
Cbg = where e is the dielectric constant of SiC-2 

(~4), eo is the permitivity of free space and dsG is 300 
nm. This results in a very low gate capacitance Cbg 
= 1.2x 10 _8 Fcm -2 . Therefore, for a typical value of n 
= lxlO 13 cm -2 , the potential drop is <j> = 100 V, much 
larger than — . Hence, V bg ~ <t> and the doping concen- 
tration becomes n = 77V bg, where 77 = Cbg/?- However, 
most samples have a zero-bias (Vbg=0) doping of, typi- 
cally, a few 10 11 cm"- ' 17 ' 35 . This is reflected in the exis- 
tence of a finite gate voltage \ 71 bg at which the Hall re- 
sistance is zero and the longitudinal resistivity reaches its 
maximum. This maximum is associated with the Fermi 
level positioned between the valence and the conduction 
bands (the Dirac point). Accordingly, a positive (neg- 
ative) Vbg-V„bg induces electron (holes) doping, with 
an excess-electron surface-concentration of n=r](\ bg - 
V„bg)- A value of ry «7.2x lO^cm -2 ^ -1 is found from 
Hall effect measurements and agrees with the estimation 
from the gate geometry-^" 3 -^. 

Let us consider the present case of top gating (TG). 
First we briefly discuss how the polymer electrolyte works 
as a gate. When a field is applied, free cations tend to ac- 
cumulate near the negative electrode, creating a positive 
charge there and an uncompensated negative charge near 
the interface. The accumulation is limited by the concen- 
tration gradient, which opposes the Coulombic force of 
the electric field. When a steady state is reached, the sta- 
tistical space charge distribution resembles that shown in 
Fig. 1. This layer of charge around an electrode is called 
the Debye layer. As shown in Fig. [TJ when we apply a 
positive potential (Vtg) to the platinum top gate, with 
respect to the source electrode connected to graphene, 
the Li 4 " ions become dominant in the Debye layer formed 
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at the interface between graphene and the electrolyte. 
The Debye layer of thickness cItg acts like a parallel plate 
capacitor. Therefore, the geometrical capacitance in this 
case is Ctg = tt 2 -, where e is the dielectric constant 
of the PEO matrix. The Debye length is given by Atg 
= (2ce 2 /eeokT)~ 1 / 2 for a monovalent electrolyte where 
c is the concentration of the electrolyte, e is the elec- 
tric charge, kT is the thermal energy 3 -^. In principle, 
dra can be calculated if the electrolyte concentration 
is known. However, in presence of a polymer, the elec- 
trolyte ions form complexes with the polymer chain o 37 ' 38 . 
Hence the exact concentration of ions is not amenable to 
measurement. For polymer electrolyte gating the Debye 
layer thickness is reported to be a few nanometers (1 ~ 5 
nm) 13 ' 39 . The dielectric constant (e) of PEO is 5^. As- 
suming a Debye length of 2 nm, we get a gate capacitance 
Ctg = 2.2 x 10 -6 F cm -2 , which is much higher than 
Cbg- Therefore, the first term in equation (1) cannot 
be neglected. The Fermi energy in graphene changes as 
E F (n) = h\v F \y/¥H, where \v F \ = 1.1 x l<f ms -^2&21 
is the Fermi velocity, hence: 



h\v F \ 



Vtg 



Using the values of Ctg and v F , 
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(2) 



V T g{voUs) = 1.16 x 1CT 7 V" + 0.723 x lCT 13 ™ (3) 

where n is in units of cm -2 . Eq. 3 allows us to estimate 
the doping concentration at each top gate voltage (Vtg)- 
Note that, as in back gating, we also get the minimum 
source-drain current at finite top gate voltage (V„tg = 
0.6 V), as seen in Fig. EK- Accordingly, a positive (neg- 
ative) Ntg-V nTG induces electron (holes) doping. 

Fig. Eh shows the source-drain current (Isd) of the 
top gated graphene as a function of electrochemical gate 
voltage. Note that for each point a given gate voltage 
is applied for 10 minutes to stabilize Isd- The gate de- 
pendence of the drain current (Fig. [2h) shows ambipolar 
behavior and is almost symmetric for both electron and 
hole doping. This directly relates to the band structure 
of graphene, where both electron and hole conduction are 
accessible by shifting the Fermi level. The Isd-Vsd char- 
acteristics at different electrochemical gate voltages (Fig. 
[2}d) show linear behavior, indicating the lack of significant 
Schottky barriers at the electrode-graphene interface. 

Fig. Eh plots the resistivity of our graphene layer (ex- 
tracted from Fig. [2h knowing the sample's aspect ratio: 
W/L = 1.55) as a function Vtg- FigEb shows the back 
gate response of the same sample (without electrolyte). 
There is an increase in resistivity maximum (~ 6 kO) af- 
ter pouring the electrolyte, which may originate from the 
creation of more charged impurities on the sample. Fig. 
[3] also shows that for both TG and BG experiments the 
resistivity does not decay sharply around the Dirac point. 
Indeed, it has been suggested that the sharpness of the re- 
sistivity around the Dirac point and the finite offset gate 
voltage (V„bg) depend on charged impuritie a 17 i 41 i 42 . 
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FIG. 2: (color online), (a) Isd as a function of top gate volt- 
ages (Vtg)- The inset shows the Isd time dependence at fixed 
Vtg- The dotted line corresponds to the Dirac point, (b) Isd 
vs Vds at different top gate voltages. Red and blue lines cor- 
respond to hole and electron doping, respectively. The black 
dotted line corresponds to the source-drain value at which the 
gate dependence curve is measured. 



The conductivity minimum (a m i n ) (resistivity maxi- 
mum) is obtained when the Fermi level is at the Dirac 
point. This is generally around ~ 4 e h 2 i 17 . In both our 
back and top gate experiments the conductivity mini- 
mum is reduced by the contact resistance, since mea- 
surements are performed in the two-probe configuration. 
As the contact resistance is expected to depend strongly 
on the carrier concentration (due to formation of a p-n 
junction around the contact and changing in the density 
of states in graphene) we can only give an estimation of 
the lower bound of the contact resistance. As shown in 
Fig. Eh, the resistivity saturates at ~ 4.2 kfl (which cor- 
responds to a 2.7 kSl resistance) when the carrier density 
in the sample is the highest. Therefore, we estimate our 
contact resistance to be around 2.7 kfi. Subtracting the 
effect of contact resistance, the minimum conductivity in 

2 

our sample is ~ 1-3—. Minimum conductivities in the 

2 2 . | 

range from 2^- to 10^- were recently reported^, with 
the spread assigned to charged impurities. 
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FIG. 3: (Color online). (a) Resistivity as a function of top gate. 
The dots are extracted from FigGk for W/L = 1.55. The 
solid line corresponds to the resistivity change as a function 
of Vtg, where the gate voltage is varied at a intervals of 2mV. 
(b) Resistivity of the same sample as a function of back gate. 
The dotted black line marks the Dirac point, (c) Mobility as 
function of doping for TG (red dotted) and (BG) (solid blue). 



FiglHh shows the change in mobility (using the simple 
Drude model /x = (enp)" 1 — ) as a function of doping for 
our TG/BG experiments. The mobility is smaller in the 
TG case. This is consistent with the reduction in con- 
ductivity minimum and can be attributed to the presence 
of added charge impurities from the polymer electrolyte. 
Despite the limitations in 'on' and 'off' currents, our large 
graphene device shows an on/off ratio of ~ 5.5. This is 
higher than what previously reported for devices using 
20 nm thick SiC>2 as top gate (on/off ratio ~ 1.5)& and 
40 nm thick PMMA as a top gate (on/off ratio ~ 2)^. 

We now consider the evolution of the Raman spectra. 
Fig. |4k, b plot the Raman spectra for Vbg = V and 
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FIG. 4: Raman spectra at (a) Vbg = 0.0 V and (b) 
Vbg=V„bg=20V. (c) Raman spectra of PEO+LiClCU mix- 
ture, (d) Raman spectra of graphene before pouring the poly- 
mer electrolyte, (e) Raman spectra at Vtg = 0.0 V and (f) 
Vtg=V„tg=0.6V. PI, P2 and P3 are the polymer peaka^ 



V„BG = 20 V. Fig. |4h to [4]F show the spectra recorded 
during the top gate experiment. Fig. Sh is the PEO Ra- 
man spectrum. This has three prominent peaks at ~ 1282 
cm" 1 (PI), 1476 cm" 1 (P2) and 2890 cm" 1 (P3), which 
correspond to twisting, bending and stretching modes of 
the CH 2 bonds in the polymer—. Luckily they do not 
overlap the main features of graphene (see Figs. HJi,f). 
Furthermore these PEO Raman lines do not change with 
gating. Table 1 shows the comparison of G peak position, 
Pos(G), FWHM(G) and 2D/G height ratio, I(2D)/I(G), 
at zero gate voltage and the Dirac point for BG and TG. 



TABLE I: G peak position, FWHM and 2D/G height ratio. 



Gate Voltage 


Pos(G) 
(cm" 1 ) 


FWHM(G) 

(cm" 1 ) 


I(2D)/I(G) 
(height ratio) 


Vbg = 0.0 V 


1586.7 


8.7 


2.0 


V„bg = 20 V 


1584.0 


12.6 


3.1 


Vtg = 0.0 V 


1586.4 


13.9 


2.75 


VnTG = 0.6 V 


1583.1 


14.9 


3.3 



Table 1 shows that at the Dirac point (V n BG and 
V„tg) we have the lowest Pos(G), maximum FWHM(G) 
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FIG. 5: (Color online). Raman spectra at several Vtg- 
The dots are the experimental data. Black lines are fitted 
Lorentzians. The red line corresponds to the Dirac point. 



and I(2D)/I(G). However, our sample has a lower 
I(2D)/I(G), FWHM(G) and higher Pos(G) than the most 
intrinsic samples measured to dat n 18 i 35 , due to the pres- 
ence of charge impurities 3 -^. 

FiglUplots the Raman spectra as a function of top gate 
voltages. Fig. !6l7l show the Raman parameters as a func- 
tion of doping. The minimum Pos(G) (~ 1583.1 cm' 1 ) 
is at Vtg = V„tg ~ 0.6 V. Pos(G) increases for posi- 
tive (Vtg - V„tg) and negative (Vtg - V„tg), i.e. for 
both electron and hole doping, by up to 30 cm -1 for hole 
doping and 25 cm' 1 for electron doping (see Fig. [6^)- 
The decrease in FWHM(G) (see Fig. Eb) for both hole 
and electron doping is similar to earlier result o 19 ' 20 , even 
though extended to a much wider doping range. Most 
interestingly, the 2D peak shows a very different depen- 
dence on gate voltages when compared to the G mode. 
For electron doping, Pos(2D) does not change much (< 
1 cm' 1 ) until gate voltage of ~ 3V (corresponding to 
~ 3.2x 10 13 cm -2 ). At higher gate voltages, there is a 
significant softening by ~ 20 cm -1 and for hole doping, 
Pos(2D) increases by ~ 20 cm' 1 (see Fig. EH). 

FigO plots the variation of G and 2D intensity ra- 
tio (I(2D)/I(G))as a function of doping. These show a 
strong dependence on doping. The dependence of the 
2D mode is much stronger than that of the G mode and 
hence the 2D/G intensity ratio is a strong function of 
the gate voltage. Therefore, this ratio is an important 
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FIG. 6: (color online), (a) Pos(G) and (b) FWHM(G) as a 
function of electron and hole doping. The solid blue lines are 
the predicted non-adiabatic trends from Refs . 19l2e . 
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FIG. 7: (color online). (a) Pos(2D) as a function of doping 
The solid line is our adiabatic DFT calculation. 
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FIG. 8: I(2D)/I(G) as a function of hole and electron doping. 



parameter to estimate the doping density. A similar de- 
pendence is expected for nanotubes. Figs l8l6l also show 
that I(2D) /1(G) and G peak position should not be used 
to estimate the number of graphene layers, unlike what 
suggested in refs i 45 ' 46 . The shape of the 2D being the 
most effective way to identify a single layer—. 

The theoretical trends in Fig. 6 were discussed 
befor e) 19 ' 26 . These confirm previous back gate experi- 
ments, but extend the data to a much wider electron 
and hole ranged. In this wider range, the theory still 
captures the main features, such as the asymmetry be- 
tween electrons and hole doping 2 ^ however the quanti- 
tative agreement is poor for large doping, and requires to 
reconsider the non-adiabatic calculations of Ref.— . 

Here we focus on the novel trend of 2D peak position 
as a function of doping. This is experimentally and con- 
ceptually different from the G peak. 

The 2D peak is due to second order, double resonant 
(DR) Raman scatterin g 18 ' 22 ' 47 . In this process, the in- 
coming laser radiation creates an electron-hole pair close 
to the Fermi point kj? = K. The photo-excited electron 
is then scattered towards the second inequivalent Fermi 
point \s.f = K' by a phonon of energy hw q and wavevector 
q. A scattering event with a second phonon, of the same 
energy but opposite momentum, brings the electron back 
to its original position in reciprocal space. The recom- 
bination of the electron-hole couple finally results in the 
emission of a photon, whose energy is decreased by 2Sw q 
with respect to the incoming laser radiation. The order of 
these four events is not fixed, and all their combinations 
are possible and have to be taken into account^ 7 -. 

The position of the 2D-peak can be evaluated by com- 
puting the energy of the phonon involved in the second- 
order, double resonant scattering process. As shown in 
Refj 1 ^, due to the trigonal warping of the 7r — 7r* bands 
and the angular dependence of the electron-phonon cou- 
pling (EPC), only phonons oriented along the TKM di- 
rection and with q > K give a non-negligible contribu- 
tion to the 2D-peak. The precise value of q is fixed by 
the constraint that the energy of the incoming photons 
Hojl has to exactly match a real electronic transition. In 
particular only a wavevector q' can be found for which 
Kujl = e(7r*,q') — e(7r,q'), where e(n,k) is the energy of 
an electron of band index n and wavevector k, and q' is 
measured from K and is in the TKM direction. Once 
q' has been determined, q = 2q' + K . Among the six 
phonons corresponding to the q vector that satisfy the 
DR conditions, only the highest optical branch has an 
energy compatible to the measured Raman shift. There- 
fore, the theoretical position of the 2D peak corresponds 
to twice the energy of the Raman active phonon. 

In order to compare with our experiments performed 
at 514nm, we consider fiwi = 2.5 eV. Assuming the tt/tt* 
bands to be linear, with a slope of 14.1 eV— , this laser en- 
ergy selects a phonon with wavevector q of modulus 0.844 
in 1^- units, ao being the lattice parameter of graphene. 
The dependence of Pos(2D) on doping can be investi- 
gated by calculating, within a DFT framework, the ef- 



fects of the Fermi level shift on the phonon frequencies. 

In doped graphene, the Fermi energy shift induced 
by doping gives two major effects: (i) a change of the 
equilibrium lattice parameter with a consequent stiffen- 
ing/softening of the phonons, and (ii) the onset of ef- 
fects beyond the Adiabatic Born-Oppenheimer approx- 
imation that modify the phonons close to the Kohn 
anomalie o 19 ' 26 . The excess (defect) charge gives an ex- 
pansion (contraction) of the crystal lattice. This was 
extensively investigated to understand graphite interca- 
lation compounds^. We model the Fermi surface shift 
by varying the number of electrons in the system. Since 
the total energy of charged systems diverges, electrical 
neutrality is achieved by imposing a uniformly charged 
background. To avoid electrostatic interactions between 
graphene and the background, the equilibrium lattice pa- 
rameter of the charged system is computed in the limit 
of a infinite volume unit cell. Such limit is reached us- 
ing a model with periodic boundary conditions where the 
graphene layers are spaced by 60 A. Phonon calculations 
for charged graphene are done using the same unit cells 
employed for the determination of the corresponding lat- 
tice parameter. Interestingly, while we observe that for 
charged graphene the frequency of zone boundary TO 
phonons converge only for layer spacing as large as 60 A, 
the frequency of the E2 g mode is already converged for a 
7.5 A spacing. 

Dynamic effects beyond Born-Oppenheimer play a fun- 
damental role in the description of the KA in single wall 
carbon nanotubes and in graphen o 19 ' 24 ' 26 . However, for 
the 2D peak measured at 514nm the influence of dynamic 
effects is expected to be negligible, since the phonons 
giving rise to the 2D-peak are far away from the Kohn 
anomaly at K. Thus, we can calculate the position of the 
2D-peak without dynamic corrections. 

The comparison between the theoretical and the exper- 
imental position of the 2D peak is shown in Fig. [7K by a 
solid line. Our calculations are in qualitative agreement 
with experiments, considering the spectral resolution and 
the Debye layer estimation. Indeed, as experimentally 
determined, the position of the 2D peak is predicted to 
decrease for an increasing electron concentration in the 
system. This allows to use the 2D peak to discriminate 
between electron and hole doping. 

The trade-off between measured and theoretical data 
can be partially explained in terms of the electrostatic dif- 
ference existing between the experiments and the model 
DFT system. In our simulations the 2D phonon frequen- 
cies are very sensitive to the charged background used 
to ensure global electrical neutrality. In the experiments 
the electric charge on the graphene surface is induced 
by capacitative coupling. The electrostatic interaction 
between graphene and the electrolyte could thus further 
modify the 2D phonons. This does not affect the G peak 
to the same extent, due to the much lower sensitivity the 
G phonon to an external electrostatic potential. 

In conclusion, we have demonstrated graphene top gat- 
ing using a solid polymer electrolyte. We reached much 
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higher electron and hole doping than standard SiC"2 back 
gating. The conductivity minimum and mobility are re- 
duced due to presence of charges. The Raman measure- 
ments show that the G and 2D peaks have different dop- 
ing dependence and the 2D/G height ratio changes sig- 
nificantly with doping, making Raman an ideal tool for 



graphene nanoelectronics. 
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